Bacterial spores are renowned for their longevity, ubiquity, and resistance to environmental insults, but virtually nothing is known regarding whether these metabolically dormant structures impact their surrounding chemical environments. In the present study, a number of spore-forming bacteria that produce dormant spores which enzymatically oxidize soluble Mn(II) to insoluble Mn(IV) oxides were isolated from coastal marine sediments. The highly charged and reactive surfaces of biogenic metal oxides dramatically influence the oxidation and sorption of both trace metals and organics in the environment. Prior to this study, the only known Mn(II)-oxidizing sporeformer was the marine Bacillus sp. strain SG-1, an extensively studied bacterium in which Mn(II) oxidation is believed to be catalyzed by a multicopper oxidase, MnxG. Phylogenetic analysis based on 16S rRNA and mnxG sequences obtained from 15 different Mn(II)-oxidizing sporeformers (including SG-1) revealed extensive diversity within the genus Bacillus, with organisms falling into several distinct clusters and lineages. In addition, active Mn(II)-oxidizing proteins of various sizes, as observed in sodium dodecyl sulfate-polyacrylamide electrophoresis gels, were recovered from the outer layers of purified dormant spores of the isolates. These are the first active Mn(II)-oxidizing enzymes identified in spores or gram-positive bacteria. Although extremely resistant to denaturation, the activities of these enzymes were inhibited by azide and o-phenanthroline, consistent with the involvement of multicopper oxidases. Overall, these studies suggest that the commonly held view that bacterial spores are merely inactive structures in the environment should be revised.
The uncanny resistance of bacterial spores to physical and chemical insults (e.g., heat, desiccation, radiation, oxidants, and proteases) (35) enables them to persist in the environment for as long as thousands or millions of years without losing the capacity for germination and outgrowth (9, 21, 27, 39, 50) . In the dormant resting state, totally devoid of metabolic activity, spores are generally assumed to have a negligible impact on the chemistry of the environments that they inhabit. There are, however, examples of how spores may influence the biology (biota) of a given habitat, such as the spore-associated insecticidal crystal proteins produced by Bacillus thuringiensis and Bacillus sphaericus (38, 42) . Although a variety of enzymes are known to be associated with both the morphogenesis and germination of bacterial spores (16) , the extent to which sporeassociated enzymatic activities may actually influence their surrounding chemical environment is virtually unknown.
The only described example of bacterial spores that can significantly impact the distributions of heavy metals in the environment is the Bacillus sp. strain SG-1, isolated over 20 years ago from a shallow marine sediment off Scripps Pier, La Jolla, Calif. (33) . Dormant spores of this organism enzymatically catalyze the oxidation of soluble manganese(II) to highly insoluble Mn(III, IV) oxide precipitates on the spore surface, thereby becoming encased in a metal oxide shell (40) . The highly charged and reactive surfaces of Mn oxides are known to dramatically influence chemical distributions in the environment by oxidizing a wide array of organic and inorganic compounds as well as scavenging numerous heavy metals (e.g., Cu, Co, Cd, Zn, Ni, and Pb) and radionuclides out of solution (24, 32) . SG-1 spores can increase the rate of Mn(II) oxidation, a thermodynamically favorable but kinetically slow reaction at neutral pH, by 4 to 5 orders of magnitude relative to abiotic rates (23) . In addition, biogenic Mn oxides have been shown to have significantly greater surface areas and trace metal adsorption capacities than abiotically produced Mn oxides (34) .
SG-1 has been studied as a model Mn(II)-oxidizing organism for many years (19, 47) , due in part to the remarkable stability of the Mn(II)-oxidizing activity over a wide range of environmental conditions, including temperature (3 to 70°C), metal concentrations (less than nanomolar to more than millimolar), and ionic strength (freshwater to seawater). Molecular genetic studies of Mn(II) oxidation by SG-1 have revealed the involvement of a specific gene product, MnxG, which shares sequence similarity with multicopper oxidases (49) . Members of this diverse family of proteins, which includes ascorbate oxidase, laccase, and ceruloplasmin, utilize copper ions of three spectroscopically distinct types as cofactors in the oxidation of a variety of substrates (41, 44) . The recent identification of multicopper oxidase-like genes involved in Mn(II) oxidation in two other phylogenetically distinct proteobacteria, Pseudomonas putida GB-1 (8) and Leptothrix discophora SS-1 (11) , suggests that these bacterial Mn Spore-forming Bacillus species are generally considered to be environmentally ubiquitous, yet very few studies have focused on their significance in aquatic or sedimentary environments (5, 43) . Our laboratory has demonstrated that, although spore-forming bacteria constitute a relatively small fraction (Ͻ1%) of the total colony-forming bacteria in coastal (San Diego, Calif.) surface sediments, a considerable portion (17 to 33%) of these organisms produce Mn(II)-oxidizing spores (31) . In addition, the heat-resistant fraction of the microbial populations in these sediments accounted for a large fraction of the total Mn(II)-oxidizing activity (31) , suggesting that spores may be major catalysts of this process in situ. In the present study, we report for the first time that Mn(II)-oxidizing sporeformers represent a phylogenetically diverse group of organisms within the genus Bacillus, based on both 16S rRNA and MnxG (multicopper oxidase) sequences obtained from marine sediment isolates. In addition, the extremely resilient Mn(II)-oxidizing spore enzymes of these organisms have the potential to significantly impact the biogeochemical cycling of elements in aquatic sedimentary environments.
MATERIALS AND METHODS
Sample collection and strain isolation. Surface (top 1 to 3 cm) sediments were collected from three different environments: San Diego Bay, Mission Bay, and Point Loma (San Diego, Calif.). Samples were collected at the waterline from the shores of San Diego Bay and Mission Bay during low tide. Point Loma sediments were collected Ϸ10 miles off the San Diego coast using a box core deployed off the R.V. New Horizon. All sediment samples were transferred to sterile 50-ml centrifuge tubes and transported to the laboratory on ice. Sediment samples were subsequently diluted in sterile seawater, incubated at 80°C for 10 min, and spread on Mn(II)-containing K plates (48) . K medium contains 2.0 mg of peptone (Difco) per ml and 0.5 mg of yeast extract (Difco) per ml in sterile 75% seawater with both 20 mM HEPES (pH 7.6) and 100 M MnCl 2 added after autoclaving. Mn(II)-oxidizing strains were isolated based on the ability to produce brown Mn oxide-encrusted colonies on plates. The presence of Mn oxides was confirmed using the colorimetric dye leucoberbelin blue (28) . A number of additional Bacillus species (Table 1) were also tested for Mn(II) oxidation on K medium made with either seawater or deionized water, depending on the origin of the strain. The salt tolerances of isolates were determined on SW-10 medium (36) containing 10% (wt/vol) total salts, supplemented in some cases with an additional 5 to 10% NaCl.
DNA extraction, PCR, cloning, and sequencing. DNA was extracted from cultures using the DNeasy DNA extraction kit (Qiagen). For amplification of 16S rRNA genes, the primers 27F and 1492R (30) were used in a standard 30-cycle PCR with Taq polymerase and an annealing temperature of 50°C. For amplification of mnxG homologues from various Bacillus isolates, PCR primers were designed based on the determinants of two of the copper-binding regions within the SG-1 sequence (49) . The sequences are as follows: mnxGIF, 5'-ACGCATG TCTTTCACTATCATGTTCAT-3', and mnxGIR, 5'-AAATAAGTGGTCATG GAAGAACCATGC-3'. The PCR program for mnxG amplification was 30 cycles of 94°C (30 s), 45°C (30 s), and 60°C (1 min), followed by one cycle of 72°C (15 min). The PCR products were cloned into the vector pCR2.1 using a TOPO-TA cloning kit (Invitrogen). Plasmid DNA was purified using the Qiagen miniprep kit, and both strands of the cloned PCR products were sequenced using an ABI 373A automated sequencer.
Phylogenetic analysis. 16S rRNA sequences were aligned manually using Sequencher and compared to alignments generated using CLUSTAL W and the Ribosomal Database Project Sequence Aligner program, and both gaps and ambiguously aligned regions were removed. Phylogenetic trees were generated by neighbor joining, using Kimura two-parameter corrected distances, or by maximum parsimony within the PAUP (version 4.0b3) software package. Derived MnxG amino acid sequences were aligned using CLUSTAL W, and phylogenetic trees were constructed using neighbor joining and parsimony methods within PAUP. Bootstrap analysis was used to estimate the reliability of phylogenetic reconstructions (1,000 replicates). The GenBank, EMBL, and DDBJ (40) . The Mn(II)-oxidizing activity was isolated by passing purified spores through a French pressure cell six times at 20,000 lb/in 2 . The stripped spores were then removed by centrifugation at 14,000 ϫ g, and the supernatant, containing the outermost spore layer(s) and most of the activity, was recovered. The supernatants were assayed for Mn(II)-oxidizing activity by incubating them in 10 mM HEPES (pH 7.6) containing 200 M MnCl 2 and observing the formation of brown Mn oxides. The effect of azide (0.1 to 1 mM) on Mn(II)-oxidizing activity was also assayed relative to untreated controls.
SDS-PAGE analysis. Supernatants from French-press-treated spores of various isolates were mixed with 2ϫ Laemmli buffer, and proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in standard 10% gels followed by staining with Coomassie blue for total protein (29) . To assay for in-gel Mn(II) oxidation activity, the gels were first incubated in 0.5% Triton X-100-10% glycerol for 30 min to remove SDS and then incubated in 10 mM HEPES buffer (pH 7. 
RESULTS AND DISCUSSION
16S rRNA phylogeny of Mn(II)-oxidizing sporeformers. Although it has been recognized for over 2 decades that metabolically dormant spores of the marine Bacillus sp. strain SG-1 can enzymatically oxidize soluble Mn(II) to Mn oxides (33), how widespread this environmentally important capability is within the genus Bacillus has not previously been explored. In this study, a number of Mn(II)-oxidizing sporeformers were isolated from sediments collected within Mission Bay (MB strains) and San Diego Bay (SD strains) and off Point Loma (PL strains), near San Diego, Calif. Based on both phenotypic and phylogenetic characteristics, 14 different strains were chosen for further characterization, along with SG-1. Phylogenetic analysis of 16S rRNA genes obtained from these isolates revealed that the capacity to produce Mn(II)-oxidizing spores occurs in phylogenetically diverse organisms within the genus Bacillus (Fig. 1A) . Many of the Mn(II)-oxidizing strains fell into distinct phylogenetic clusters with other Mn(II)-oxidizing isolates. Two of the three major clusters consist of closely related organisms isolated from different locations at different times. In fact, the five organisms within the SG-1 cluster were isolated from four different environments during five different years, suggesting that this group of organisms may be particularly ubiquitous in marine sedimentary environments. In addition, the closest relatives of the SG-1 cluster are from marine Bacillus strains (NRRLB14850 and AS-38) isolated from the Gulf of Mexico (43) and the Adriatic Sea, respectively, suggesting that together these organisms may constitute a "marine" branch of the Bacillus evolutionary tree (Fig. 1A) . Strains MB-11 and PL-26 appear to represent lineages distinct from the three major clusters and are only distantly related (Ͻ97%) to other sequences in the databases.
Four of the isolates (MB-1, -3, -7, and -9) clearly clustered (bootstrap value, 100%) with a group of organisms that are all known to be either moderately halophilic (growing optimally in media containing 3 to 15% salt) or halotolerant (tolerating but not requiring high salt concentrations for growth). Phenotypically, many of the organisms within this cluster have been reported to be sufficiently different from the genus Bacillus to warrant classification into new genera, including Halobacillus, Salibacillus, Virgibacillus, and Gracibacillus (25, 45, 51) . Database searches (BLAST and the Ribosomal Database Project) revealed that several of the sequences most closely related to MB-1, -3, and -7 were from "B. permians" strain 2-9-3, Salibacillus (formerly Bacillus) marismortui, and deep sea strain HTE831. Strain 2-9-3 was recently isolated from a brine inclusion within a reportedly 250-million-year-old salt crystal obtained from the Permian Salado near Carlsbad, N.Mex. (50) . This organism can tolerate 20% NaCl and is very closely related (Ͼ99.5%) to S. marismortui, a moderate halophile isolated from a bottle of Dead Sea water collected in 1936 by Ben Volcani (2, 3). Strain HTE831 was recently isolated (46) from deep-sea (1,050 m) mud off the southern part of Japan and, consistent with its phylogenetic affiliation with this cluster, grows well on marine agar plates containing 2 to 23.4% NaCl. Similarly, the Mn(II)-oxidizing sporeformers within this cluster exhibited significant growth on media containing 10% salt (MB-9) and 20% salt (MB-1, -3, and -7), supporting their phylogenetic affiliation within the "halo" cluster. A rather intriguing finding was that the 16S rRNA sequence of an environmental clone (LMG-19416) obtained from a biodeteriorated Austrian wall painting (22) was 100% identical to the 16S rRNA sequence of MB-1 (1,501 bp considered). It is tempting to speculate that the production of Mn(II)-oxidizing spores by LMG-19416 may have contributed to the biodeterioration of these paintings.
A third group of four Mn(II)-oxidizing sporeformers formed a tight phylogenetic cluster (the PL-12 cluster), which also included several remarkably closely related environmental isolates: B. jeotgali strains YKJ-10 and YKJ-11 (99.9% identical to MB-5; 1,488 bp considered), isolated from the Korean traditional fermented seafood jeotgal (52) , and strain IrT-RS2 (99.9% identical to MB-5 and PL-7; 1,404 bp considered), isolated from a uranium mine tailings pile near Dresden, Germany. The PL-12 cluster also clearly grouped with a clade consisting of two hydrocarbon seep clones (BPC060 and BPC094) and a numerically abundant isolate (SB45) obtained from rice paddy-associated anoxic bulk soil (10) .
Based on the phylogenetic affiliations of the Mn(II)-oxidizing sporeformers described above, it is possible that Bacillus strains capable of producing Mn(II)-oxidizing spores are present in a wide variety of environments, including hypersaline environments, coastal and deep sea sediments, hydrocarbon seeps, uranium mine tailings, seafood, and dry solid surfaces (e.g., wall paintings), as well as soils, where spore-forming Bacillus species are often particularly abundant (7, 17) . Evidence that this phenomenon is not limited to marine sedimentary environments comes from the fact that our laboratory has also isolated a number of Mn(II)-oxidizing sporeformers from Pinal Creek, an acid mine drainage-impacted, metal-contaminated stream near Globe, Ariz., in which Mn(II) is present at extremely high (0.5 to 1 mM) concentrations. In fact, several of the Pinal Creek organisms are closely related to organisms within the PL-12 cluster (Ͼ99.4% identity; 1,424 bp considered) (B. G. Clement and B. M. Tebo, unpublished results), indicating that closely related Mn(II)-oxidizing Bacillus strains may, in some cases, be found in both terrestrial and marine environments. It is possible that some of our marine sediment isolates may simply be halotolerant organisms rather than true marine (i.e., seawater-requiring) bacteria. It is worth noting that the capacity to grow in the presence of high salt concentrations was not restricted solely to organisms within the halo cluster. In fact, except for MB-11, all of the Mn(II)-oxidizing sporeformers described in this study were capable of growth on media containing 10% salt, while organisms within the PL-12 cluster were capable of growth even in the presence of 15% salt. This finding is consistent with the fact that two other members of the PL-12 phylogenetic cluster, B. jeotgali strains YKJ-10 and YKJ-11, were also shown to grow in the presence of up to 14% salt (52) . MnxG phylogeny. The first genes shown to be involved in Mn(II) oxidation, the mnx genes, were previously identified in SG-1 using transposon mutagenesis (48, 49) . The most downstream gene in this gene cluster, mnxG, encodes a multicopper oxidase believed to be directly involved in Mn(II) oxidation. Biochemical evidence for the involvement of a multicopper oxidase in this process comes from the fact that the Mn(II)-oxidizing activity of SG-1 spores has been shown to be enhanced by low concentrations of copper (49) and inhibited by azide (40), a potent metalloprotein inhibitor which bridges the type 2 and type 3 copper atoms of multicopper oxidases (12) . In order to determine whether the Mn(II) oxidation-associated multicopper oxidase gene, mnxG, might also be involved in Mn(II) oxidation in these diverse isolates, the organisms were screened using PCR primers designed based on the determinants of two of the copper-binding regions of MnxG (HVFHYHVH and FFHDHL) expected to be highly conserved due to their functional roles. An Ϸ900-bp region of mnxG was successfully amplified from all 14 isolates. Multiple sequence alignments based on the derived amino acid sequences of this region of MnxG revealed that the protein is highly conserved in these phylogenetically diverse Bacillus strains, with identities (relative to SG-1) ranging from 75 to 93% and similarities ranging from 86 to 98%.
Phylogenetic trees based on the MnxG amino acid alignments (Fig. 1B) revealed the presence of three well-defined clusters, as well as several more distantly related sequences, suggesting that similar copper-dependent molecular mechanisms may exist in a wide variety of diverse Bacillus strains. The overall topologies of the 16S rRNA-and MnxG-based trees were remarkably similar, indicating that it is unlikely that the mnxG gene has been horizontally transferred throughout the genus but that it may instead be an evolutionarily and functionally important gene within these organisms. Despite the similarity between the two trees, as with many functional genes (e.g., rpoD and gyrB), the phylogeny based on the mnxG gene product appears to provide even greater resolution in distinguishing closely related organisms than the 16S rRNA phylogeny. For example, compared to the 16S rRNA tree, the organisms within the SG-1 cluster appear to be more distantly related in the MnxG tree.
To explore how widespread the ability to produce Mn(II)-oxidizing spores was within the genus Bacillus, a number of well-known strains were also tested for Mn(II) oxidation (Table 1). Of all these strains, only B. pumilus oxidized Mn(II) to any extent on plates, albeit this oxidation was relatively weak. In addition, mnxG was not successfully PCR amplified from any of these strains, although the possibility that mnxG homologues are present in some of these strains but differ in the primer sites cannot be totally ruled out. Analysis of the complete B. subtilis genome confirmed that the organism does not possess an mnxG homologue. However, B. subtilis does possess a gene encoding a spore coat protein, CotA (15) , that appears to be a multicopper oxidase, based on sequence similarity as well as activity (26) . This protein is roughly half the size of MnxG (65 versus 138 kDa) and appears to be a copper-dependent laccase which is responsible for the brown pigment (which is not due to Mn oxides) associated with B. subtilis spores.
Biochemical analysis of Mn(II)-oxidizing spore proteins. In order to explore the biochemical mechanism of Mn(II) oxidation in these diverse Bacillus isolates, SDS-PAGE analysis was used to compare the proteins which directly catalyze this reaction (Fig. 2) . It has been previously demonstrated that use of a French press is an effective method for physically removing the Mn(II)-oxidizing outermost layer from SG-1 spores while still retaining activity (18) . This method was applied to purified spores from all of the isolates, and in each case, a significant amount of Mn(II)-oxidizing activity was removed from the spores. As has been shown previously for SG-1 (40), the activity of the Mn(II)-oxidizing proteins from the isolates was completely inhibited by 1 mM azide (data not shown), consistent with the involvement of a metalloprotein (e.g., multicopper oxidase) (12, 44) . SDS-PAGE analysis of the spore surface proteins revealed the presence of active Mn(II)-oxidizing protein bands of various sizes in all of the isolates (Fig. 2) , the first such proteins identified in spores or gram-positive bacteria. There were, however, considerable differences in the overall protein profiles and sizes of Mn(II)-oxidizing proteins among the various isolates. For six of the isolates (PL-26 [not shown] and the SG-1 cluster), Mn(II)-oxidizing activity was only recovered in what appears to be a high-molecular-mass complex which barely enters the resolving gel, while for the remaining nine isolates, single Mn(II)-oxidizing bands were present in gels, ranging in mass from Ϸ90 to 120 kDa. MB-11 was unique in that significant activity was present both in a high-molecularmass complex and in a doublet of Ϸ90 kDa, possibly indicating structural differences in the spore surface layer (either an exosporium or spore coat) of this organism relative to the other isolates. Overall, the relative sizes of the Mn(II)-oxidizing proteins from these Bacillus isolates correlated well with the phylogenetic groupings, suggesting a link between phylogeny and spore physiology.
The size differences of the various Mn(II)-oxidizing proteins could be due to different-sized genes, posttranslational modi- fications (e.g., proteolysis or glycosylation), or the requirement for additional proteins (e.g., in a complex) for activity. In L. discophora SS-1, a 110-kDa Mn(II)-oxidizing protein has been consistently recovered in SDS-PAGE gels (1, 6 ), yet the underlying multicopper oxidase gene, mofA, encodes a predicted 174-kDa protein (11), suggesting partial cleavage or proteolysis of the full-length polypepetide. In P. putida GB-1, Mn(II)-oxidizing activity has been recovered only in the form of highmolecular-mass complexes (250 and 180 kDa) in native gels (37) , suggesting the requirement for several proteins, including the multicopper oxidase CumA, for activity (8, 13) . To determine whether the Mn(II)-oxidizing activities of the spore surface proteins were copper dependent (as in SG-1), gels were incubated in Mn(II) buffer with the addition of the copper chelator o-phenanthroline at a concentration (50 M) well below that of Mn(II) (200 M). The fact that the activities of all of the proteins were inhibited by this treatment (data not shown), combined with the azide inhibition of the spore surface extracts, is consistent with the involvement of Cu-dependent oxidases (e.g., MnxG) in these phylogenetically diverse marine Bacillus isolates. As might be expected of proteins located on the surfaces of bacterial structures designed to persist under extreme environmental conditions, the Mn(II)-oxidizing spore enzymes described in this study are extremely resilient. In fact, spores can be exposed to heat (70 to 80°C), multiple freeze-thaw cycles, fixatives (e.g., UV and glutaraldehyde), SDS, lysozyme, and reductants (to remove Mn oxides) with no significant loss of activity (14, 40) . These properties suggest that these spores are stable enzymatic catalysts for the oxidative precipitation of metals in the environment. This is supported by the fact that, within the coastal sediments from which many of the Mn(II)-oxidizing sporeformers were isolated, the in situ Mn(II)-oxidizing activity is due primarily to heat-resistant organisms (e.g., spores) and is inhibited by azide (i.e., multicopper oxidase inhibitor) (31) . Overall, the results of this study suggest that the commonly held view that bacterial spores are totally inactive structures in the environment should be revised.
